Ceramics and the Central Lydia Archaeological Survey (CLAS): a diachronic study using portable X-ray fluorescence (pXRF) by Sparling, Loren Tai
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2014
Ceramics and the Central Lydia
Archaeological Survey (CLAS): a









CERAMICS AND THE CENTRAL LYDIA ARCHAEOLOGICAL SURVEY 





LOREN TAI SPARLING 
B.A., Cornell University, 1995 






Submitted in partial fulfillment of the 
requirements for the degree of 











































 © Copyright by 
  LOREN TAI SPARLING 
  2014 

	   iv	  
CERAMICS AND THE CENTRAL LYDIA ARCHAEOLOGICAL SURVEY 
(CLAS): A DIACHRONIC STUDY USING PORTABLE X-RAY 
FLUORESCENCE (pXRF) 
(Order No.                ) 
LOREN TAI SPARLING 
Boston University Graduate School of Arts and Sciences, 2014 
Major Professor: Christopher Roosevelt, Associate Professor of Archaeology 
 
ABSTRACT 
 This Master’s project explores the viability of portable XRF (pXRF) for the 
purposes of identifying the chemical signatures of ceramics collected as part of 
archaeological research. The work presented makes clear that this method is viable and 
opens the door for future opportunities with extensive research collections located in 
storage units and museums precisely because the analysis is portable. No longer will 
researchers face the hurdles of export permissions for samples. The project presents 
results from three separate research phases. The first data collection tested the method 
with a control group, corroborating results from what is traditionally seen as a far more 
rigorous method for chemical sourcing of archaeological ceramics, instrumental neutron 
activation analysis (INAA). The second and third phases handled much larger datasets, 
setting the stage for future research. Additionally, an investigation of data collection 
efficiency shows that existing protocols produce statistically consistent results, yet that 
	   v	  
protocol economy can reduce overall analysis cost (in terms of time) for certain classes of 
ceramics. 
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1. INTRODUCTION 
1.1. Science and Archaeology 
 In December 1960, Willard F. Libby was bestowed the Nobel Prize in Chemistry 
for his development eleven years earlier of a “method of age determination of materials 
of biological origin by use of carbon-14 as a measurer of time” (Westgren 1960). The 
prestigious award signaled wholesale acceptance by the “natural scientific” community of 
Libby’s radiocarbon technique as a viable means to accurately date organic material. For 
“soft scientific” archaeologists, the award validated the use of carbon dating for those 
already using the method in their research, and gave reason for countless more to follow 
suit. To this day, radiocarbon remains the de facto means of acquiring absolute dates for 
carbon-based artifacts.  
The greater impact of Libby’s Nobel Prize on the archaeological discipline, 
however, was in opening the floodgates for further cross-collaboration with the natural 
sciences. In 1995, Patrick E. McGovern inaugurated what was to be a series of articles 
intended to showcase how advances in natural scientific technology were being adapted 
by contemporary archaeological projects in groundbreaking ways (McGovern et al. 
1995).1 From the biological sciences, modern analytical approaches have informed to a 
high degree such fields as palaeopathology (McGovern et al. 1995: 127-132), 
palaeoimmunology (McGovern et al. 1995: 132-136), and palaeogenetics (McGovern et 
al. 1995: 136-139) in archaeological studies relating to the physical condition of ancient 
humans. Likewise have current developments in floral, faunal, and palynological 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 As of this writing (December 2013), a follow-up to McGovern’s review has not been written. 
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analyses influenced investigations into ancient landscape and diet (McGovern et al. 1995: 
91-99). Research regarding such crafted objects as pottery and stone and metal 
implements, however, has most benefited from the march of technological progress. 
Although the subject of absolutely dating inorganic objects has been broached with some 
degree of success,2 much more success has been achieved in addressing questions of 
provenance, or place of origin. 
 
1.2. Determining Archaeological Provenance: INAA and XRF 
 Characterization, or sourcing, studies are founded on the principle that the 
chemical signature of any inorganic material may be identified to an exacting degree, and 
thus the source of that material determined through a simple comparison of signatures.3 
Until recently, the most frequently used method of ascertaining these chemical 
fingerprints has been instrumental neutron activation analysis (INAA), on account of its 
accuracy4 and reliability. However, because the procedure usually involves the use of a 
nuclear reactor, it can only be performed in certain laboratories, which are becoming 
rarer and rarer as research reactors are being closed down due to problems with waste 
disposal; for archaeologists working abroad, especially in the Aegean region, this need to 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 For archaeomagnetic dating, see Eighmy and Sternberg 1991. For K-Ar dating, see McDougall and 
Harrison 1999. For obsidian hydration dating, see Liritzis 2006. For optical stimulated luminescence, see 
Aitken 1998. For rehydroxylation dating, see Wilson et al. 2009. For thermoluminescence dating, see 
Aitken 1985; Liritzis 2011. 
3 For characterization studies to work, however, a material’s source must obey the provenience postulate, 
i.e., chemical differences within a single source of a material must be less than the differences between two 
or more sources of that same material. Such lithics as chert and flint do not comply with the provenience 
postulate, and thus do not qualify for use in studies of place of origin. 
4 INAA is accurate to within ±5% and can measure elemental concentrations as little as 0.1 parts per 
million (ppm). 
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ship samples to the facility is often stymied by foreign governmental regulations over the 
export of cultural patrimony. Other concerns about INAA that have often been raised 
include expense5 and the necessity to powder (i.e., destroy) at least 10–50 mg of an 
artifact for purposes of irradiation. 
 Alternative approaches to collecting compositional data that obviate the need for 
nuclear reactors or the partial destruction of artifacts have been explored. X-ray 
fluorescence (XRF) spectrometry stands out as the most precise of these techniques when 
compared with INAA.6 To its credit, XRF is efficient, in terms of both cost and time 
(with analysis taking only a few minutes). More importantly, the method is non-
destructive to artifacts, requiring no specific sample preparation except perhaps surface 
cleaning. Another benefit that XRF provides is portability; with handheld XRF 
instrumentation, small areas (as small as 1 mm in diameter) on the surface of an object of 
any size and shape anywhere in the world may be analyzed.  
 Despite the advantages of the XRF system, it is not without its limitations. The 
effective penetration of X-rays generated by XRF analyzers is a depth of 1 mm for light 
materials, like glass and pottery, decreasing dramatically for metals. Thus, XRF is 
perceived more or less as surface analysis in contrast to INAA. In addition, an internal 
rift persists among proponents of XRF, pitting those who prefer the use of laboratory-
based XRF against those in support of portable XRF (pXRF) (see Craig et al. 2007; 
Frahm and Doonan 2013). Due to the restraints of its minimized instrumentation, results 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 At the Missouri University Research Reactor (MURR), the cost of analysis using INAA ranges from 
$100-$125 per specimen, often with a minimum of ten specimens required for acceptance by the facility 
(University of Missouri Archaeometry Laboratory/Research Reactor 2012b). 
6 Though XRF can be accurate to within ±2%, ±5-10% is more the norm. 
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determined by pXRF have been found to be less accurate than its laboratory counterpart, 
making worrisome the overall acceptance of XRF as a viable alternative to INAA (see 
Speakman et al. 2011). 
 
1.3. XRF and Ceramics 
Research inquiries into provenance using XRF have tended to focus on two 
classes of archaeological material: obsidian lithics and ceramics. The archaeological 
interest in obsidian stems from the fact that there are relatively few known obsidian 
sources throughout the world, and the great majority of obsidian artifacts can be traced 
definitively back to one of these as a result of the correspondence of their chemical 
signatures. The ability to source obsidian material culture has illuminated archaeological 
discussions on the ancient movement of goods, as well as on ancient economies in 
general. XRF studies on obsidian artifacts have been undertaken around the world: from 
the Americas (e.g., Craig et al. 2007), eastward into the Mediterranean Basin (e.g., Carter 
et al. 2013; Nadooshan et al. 2013), and beyond (e.g., Jia et al 2010; Sheppard et al. 
2011). 
The attention given to ceramics (and to a lesser degree, mudbrick) by XRF 
enthusiasts is primarily the result of their ubiquity in the archaeological record and the 
vast information that can be gleaned from them regarding the ancient exchange of 
merchandise. Compared to obsidian, however, ancient clay sources are more rarely 
known to the archaeologist. Pottery with comparable chemical fingerprints are grouped 
together, yet frequently left unattributed to specific sources; any provenance ascribed the 
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group will emerge from traditional macroscopic observation of decorative applications. 
XRF studies on ceramic artifacts likewise have been undertaken the world over: from the 
Americas (e.g., Speakman et al. 2011), eastward into the Mediterranean Basin (e.g., 
Frankel and Webb 2012), Anatolia (e.g., Forster et al. 2011: 395-397), and further afield. 
Similar investigations using XRF on ancient Egyptian mudbrick structures have 
contributed to a revised understanding of ancient building techniques and have even been 
successful at locating the ancient clay sources themselves (see Emery and Morgenstein 
2007; Morgenstein and Redmount 2005). 
 
2. HISTORY OF RESEARCH: SUMMER 2010 
 Beginning in the 2008–2009 academic year, Professor Christina Luke 
contemplated the use of a Bruker Handheld XRF analyzer to investigate ceramic material 
from past seasons of the Central Lydia Archaeological Survey (CLAS).7 Such analyses 
would complement the instrumental neutron activation analyses previously conducted on 
these same ceramics, which had demonstrated convincingly that the ceramics clustered 
into four distinct groups (Boulanger and Glascock 2008, 2009; Boulanger et al. 2008; 
Luke and Roosevelt 2011), signifying shifts of clay sources or ceramic recipes with the 
progression of time from the Early Bronze Age (EBA) to the Iron Age (Roosevelt and 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 This was not, however, the first time that integration of XRF analysis into the project was considered. As 
late as February 2006, Luke had arranged for Innov-X Systems of Woburn, MA, to give a demonstration of 
their product line of pXRF analyzers to the Boston University community. It was learned here that the 
Innov-X analyzers generated x-rays using radioactive isotopes, a fact that did not make this a viable option 
for the project as Turkey had import restrictions on radioactive sources in place. (Current models of XRF 
analyzers, Innov-X/Olympus and Bruker alike, utilize a non-radioactive x-ray tube.) As a result, Luke 
shelved the idea of purchasing an XRF analyzer and turned instead to chemical analysis via INAA.  
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Luke 2008);8 these shifts coincide with the changes from decentralized production in the 
EBA to a more centralized setup in the Middle–Late Bronze Age to an even more 
centralized situation in the Iron Age (Luke and Roosevelt 2008). It was the hope of the 
project directors that XRF analysis would bear similar, if not the same, results in order to 
provide a measure of confirmation to the INAA groupings, as well as to the utility of 
XRF analysis in general. 
 In August 2010, a Bruker Handheld XRF device (Tracer III-V+ model) was made 
available to the project directors for a two-week trial basis.9 Luke and Roosevelt intended 
to maximize these two weeks by “shooting” as many sherds as possible that had INAA 
data associated with them. I was approached to conduct these analyses on the front line, 
with Francesco Berna as both my unofficial supervisor and the contact person between 
Roosevelt/Luke and the Bruker Corporation (specifically, Bruce Kaiser, one of the 
designers of the Bruker Handheld XRF “gun”). 
 Berna, in consultation with Kaiser, established the protocol and parameters for the 
2010 XRF data collection. Every sherd to be analyzed was first cut using a wet saw in 
such a way that a smooth, clean surface was obtained because studies of various XRF 
datasets showed that “shooting” just such a surface (as opposed to one that is rough and 
weathered) provided the most accurate chemical fingerprint for an artifact (Buhrke, 
Jenkins, and Smith 1998; University of Missouri Archaeometry Laboratory/Research 
Reactor 2012a). The smooth surface that was rendered was, on average, 2.5–3.0 cm in 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 The ceramic groups determined in 2008–2009 have since been re-evaluated and refined, yet the number of 
total groups remain steady at four (Luke et al. forthcoming).  
9 A few months after the trial period, the Department of Archaeology at Boston University purchased the 
Bruker Handheld XRF analyzer. 
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length. The sherd was “shot” in four different locations down the length of the freshly cut 
surface; these four datasets were then summed so as to better reflect the elemental 
concentrations in the ceramic by minimizing the effects of skewed data resulting from the 
presence of mineral temper and other impurities in the fabric. Every assay was timed for 
200 seconds using a voltage of 40 kV and a current set at 19 μA. So as to highlight those 
high Z elements10 used for the differentiation of clays, in particular rubidium (Rb; Z=37), 
strontium (Sr; Z=38), yttrium (Y; Z=39), zirconium (Zr; Z=40), and nubidium (Nb; 
Z=41), Berna and I opted to employ a filter (0.006” Cu, 0.001” Ti, 0.012” Al)11 during 
data collection.12 The settings thus established allowed for all x-rays from 17 kV to 40 kV 
to reach the sample, thus efficiently exciting the elements from iron (Fe; Z=26) to 
molybdenum (Mo; Z=42).13 
 XRF analyses on CLAS ceramics were conducted in the Department of 
Archaeology at Boston University from late August 2010 into early September 2010. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 In chemistry and physics, the atomic number of an element (the number of protons found in the nucleus 
of an atom) is conventionally represented by the symbol Z. 
11 The filter used is color-coded green by Bruker. 
12 Initially, the decision was made to utilize the device’s “lab rat mode,” which screens for all elements, as 
Berna and I were unsure as to what specific elements to hone in on for purposes of comparison. Such blind 
forays into XRF data collection were made on account of the limited amount of time that the project was 
lent the Tracer and the large sample set that Roosevelt/Luke wanted tested. The “lab rat mode” relies upon 
a vacuum pump (to screen especially for low Z elements, such as Ca), does not employ a filter, and is best 
run with a voltage of 40 kV and a current set at the “highest available micro amps (for non metallic 
samples)” (Bruker Tracer and Artax XRF Raw Spectrum Analysis User Guide draft.docx, p. 46). During the 
time it took for 17 artifacts to be analyzed using the “lab rat mode,” Berna and I acquired a better 
understanding of what exactly we were looking for and we reassessed our protocol for analysis, removing 
the vacuum pump and using the green filter (0.006” Cu, 0.001” Ti, 0.012” Al) as described above. Once 
this new protocol for analysis was firmly established, I re-ran the 17 samples that were previously analyzed 
in the “lab rat mode.” 
13 Bruker Tracer and Artax XRF Raw Spectrum Analysis User Guide draft.docx, p. 46. 
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Data was collected on a total of 115 pottery fragments, as well as eight mudbrick samples 
(see Tables A.1.1 and A.1.2).14 
 
3. HISTORY OF RESEARCH: PREPARATIONS FOR SUMMER 2012 
 For the 2012 CLAS field season, Roosevelt and Luke made prior arrangements 
with the Archaeological Exploration of Sardis (under the directorship of Nicholas Cahill) 
to borrow its Bruker Handheld XRF device (Tracer III-V+ model) for the month of June 
2012. Part of my purview with the CLAS project was the operation of this machine to 
augment the 2010 dataset. 
 
3.1. CLAS Ceramic Reference Standards 
 One of my primary concerns going into the 2012 field season was ensuring that 
the data collected in 2012 could be correlated with the 2010 set. Knowing that I was 
going to be operating a different Tracer III-V+ Handheld than was used in 2010, I 
conceived the idea of bringing to Turkey a finite collection of CLAS ceramic reference 
standards. From those ceramics which had been previously analyzed with INAA and 
XRF, I (in consultation with Roosevelt and Luke) selected five artifacts from which 1-
cm-thick slices would be taken; these slices would become my CLAS ceramic reference 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14 The XRF datasets produced in 2010 have been distinguished as being in the “RbSrYZrNb mode” (as 
opposed to “lab rat mode”), though this “mode” does not officially appear in the Bruker literature. XRF 
data on ceramic artifacts excavated by Daniel J. Pullen was also collected in 2010 (see Table A.1.4), the 
results of which have not been applied to the current investigations into the CLAS ceramics. 
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standard set for the 2012 field season. The five artifacts selected are as follows: 
S05.343:4; S05.343:14; S06.324:54; S05.92:10; and S06.15:8.15 
Slices were made using a wet saw by Francesco Berna. The “exterior” faces of all 
five slices preserved the smooth, clean surfaces made in 2010; these “exterior” faces were 
“shot” in 2012 to guarantee that the 2010 and 2012 datasets were comparable. Same 
sample, same surface, different gun. “Interior” faces were labeled as such in pencil; an 
arrow pointing towards the “exterior” face was also rendered in pencil on the side of the 
reference standard. In addition, find numbers were labeled on the sides of the standards 
with a fine-tip Sharpie and then coated with nail polish. When the labels were dry, the 
standards were individually placed into small, plastic artifact bags, and these bags then 
labeled with the artifacts’ identification information. As a final step, the bags were 
consigned to a small, padded box for transport to Turkey. 
 
3.2. Sample Preparation in Turkey 
 Within days of my departure, I realized there would be no wet saw at hand in 
Turkey to create the smooth, clean artifact surfaces necessary for XRF analysis. After 
notifying Roosevelt and Luke of this, the project had me purchase a cost-effective and 
transportable alternative that would suit our purposes abroad: the corded Dremel 3000 
variable speed rotary tool. What drew me to this particular model was its variable speed 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 Four of the reference standards were selected on the basis of their representativeness of the four ceramic 
groups inferred from INAA analysis in 2008 (Boulanger and Glascock 2008) and slightly revised in 2009 
(Boulanger and Glascock 2009): P05.43:14/S05.343:14 (“Southern 1” group); P06.24:54/S06.324:54 
(“WGLS” group); S05.92:10 (“Southern 2” group); and S06.15:8 (“Local Sardis” group). Note that these 
groups are now defunct, having been replaced by those outlined in Luke et al. forthcoming. The fifth 
reference standard (P05.43:4/S05.343:4) embodies a coarse ware with very high chromium content (also 
deduced from INAA). 
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(5000-32000 rpm), comfortable hand grip, light weight, popularity among users, and 
affordability (at around $69). I opted against the cordless models due to apprehensions in 
regard to battery life and top speed (the top-of-the-line cordless model runs at 5000-
30000 rpm). 
 In order to minimize contamination of the samples from the cutting blade, I chose 
to outfit the Dremel 3000 with the Dremel Diamond Wheel (Dremel part #545) and 
armed myself with three such wheels for the 2012 field season. As a backup, I equipped 
myself with sheets of sandpaper (of 60 [coarse], 100 [medium], and 150 [medium] grit). 
 
4. HISTORY OF RESEARCH: SUMMER 2012 
A total of 179 artifacts were analyzed using XRF in the two-week period between 
4 and 18 June 2012 (see Table A.2). Due to governmental restrictions, all analyzed 
artifacts stem from the 2012 field season. These artifacts were selected by both Peter 
Cobb (laboratory director for CLAS) and me in line with current research projects and 
possible future research opportunities, and can be subdivided into three categories: 
obsidian (11); slips/glazes (21); and ceramic fabrics (153), the subject of the present 
study.16 
 
4.1. Analysis of Obsidian 
All told, 11 obsidian artifacts were analyzed. This number comprises ALL 
obsidian artifacts that came into the lab in 2012 before 18 June. The data provided by 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
16 Note that there is an overlap of six artifacts between the ceramic fabric and slip/glaze categories: 
S12.58:15; S12.61:6; S12.89:6; S12.89:27; S12.93:30; S12.93:59. 
	   11 
XRF on this material would have served to enhance the late Chad DiGregorio’s work 
with the CLAS lithics in terms of sourcing. 
 
4.2. Analysis of Slips and Glazes 
The slips or glazes of 21 samples were also analyzed; of these, seventeen (17) 
were hand-selected by Christina Luke from S12.93. Four of the 21 samples were slipped; 
seventeen (17) were coated in a glaze or multiple glazes. 
XRF analysis was conducted on these slips and glazes to provide baseline data, 
with the hope that some inquisitive researcher might take up the flag of subsequent 
research. The slips and glazes were only “shot” once (as opposed to the usual four times), 
yet the parameters remained constant (i.e., 200 second assay, 40 kV voltage, and 19 µA 
current). No filter was used in the analysis of slips and glazes. 
 
4.3. Analysis of Ceramic Fabrics 
A total of 153 ceramic fabrics were analyzed, of which four had been sandpapered 
(after preliminary XRF analysis) to obtain an even smoother surface. 
 In choosing the artifacts to be “XRF-ed,” Cobb and I performed what amounts to 
ceramic triage. Prime on our minds was making certain (to the best of our abilities) that 
ceramics from all periods of central Lydian pre/history were represented in the analysis. 
We also aimed to incorporate a representative sampling of the wide variety of fabrics 
(both coarse and fine) that were being brought in from the field. Lastly, we strived to 
include as many diagnostic sherds as possible into the analytical mix. 
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 I collected XRF data on the 2012 ceramics using the protocol established in 2010 
(and codified below) in an effort to maintain experimental consistency between the two 
datasets. Each 2012 ceramic marked for XRF was “shot” in at least four different 
locations down the length of its prepared (i.e., smooth, clean) surface, and all assays were 
timed for 200 seconds using a voltage of 40 kV and a current set at 19 μA. In contrast to 
2010, however, the resultant 2012 spectra were not summed to produce an “average” 
spectrum for each sherd; instead, all four shots were individually utilized to plot sample 
distributions, and thus elucidate chemical groups, in three-dimensional Principle 
Components Analysis (PCA) space. Preliminary work with the 2012 dataset showed that 
groupings similar to those determined from INAA and the 2010 XRF data can be 
ascertained. 
 
5. HISTORY OF RESEARCH: AUTUMN 2013 
  XRF work in 2012 was confined to those finds collected very early in the 2012 
CLAS field season (i.e., prior to 18 June 2012). For artifacts collected subsequently, it 
was hoped that a representative selection of analytical samples could be exported to the 
United States (Boston University) for further study, be this through XRF, INAA, or 
petrographic analysis. In late July 2012, the Turkish government gave permission for 
such samples to be exported, and in less than one week’s time, 90 samples were collected 
and prepared for export.17 I undertook the XRF analysis of these samples in autumn 2013, 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17 These 90 samples are currently housed within the Department of Archaeology at Boston University. 
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employing the same protocol utilized in 2010 and 2012 to make all three datasets 
comparable (see Table A.3). 
 I also revisited the 2010 material due to suspicions that certain of the saved XRF 
spectra were not properly named. This was confirmed for seven file names, for which no 
correlating artifacts exist (see Table A.1.2).18 My reexamination moreover revealed 14 
artifacts that had been cut for purposes of XRF analysis, for which there was no data on 
file; these have since been analyzed (see Table A.1.3). 
 All analysis in 2013 was achieved with the Bruker Handheld XRF analyzer 
(Tracer III-V+ model) currently owned by the Department of Archaeology at Boston 
University, the same instrument used in the 2010 analyses. Each 2013 ceramic was 
“shot” in at least four different locations down the length of its prepared (i.e., smooth, 
clean) surface. All XRF assays were timed for 200 seconds using a voltage of 40 kV and 
a current set at 19 μA. 
  
6. METHODOLOGY: SAMPLE PREPARATION 
 In 2010, as noted above, every sherd to be analyzed through XRF was first cut 
using a wet saw in such a way that a smooth, clean surface was obtained. These artifacts 
had already been photographed by the time of cutting. 
 In 2012, prior to XRF analysis, a ceramic artifact was 3D-scanned. Once scanned, 
it was given to me to be cut, so that a smooth, clean surface could be achieved. In order to 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 Interpretations that stem from usage of data from any of these seven files should be dismissed. 
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visualize a cut and the overall impact that it would have on the artifact, I would routinely 
pencil in a guideline before the actual cutting of the sherd. 
 It was originally conceived that I would use the Dremel 3000 to cut the sherds, 
but due to an unforeseen happenstance,19 I had to find an alternative in the CLAS-owned, 
Tommy-gun-like Einhell Bavaria BSM 650 E drill (chosen for its variable speed), which 
I outfitted with the Dremel Diamond Wheel. What may have taken one person to do now 
needed two. One person, usually me, would do the cutting; the other would secure the 
artifact to be cut on a table with a handheld vice grip. 
 Due to the ca. 0.85”-radius of the Diamond Wheel, it was often difficult to cut 
thick sherds (e.g., amphora handles and large coarse ware body sherds) in one fell swoop. 
In these cases, it was necessary to turn the sherd over and begin a new cut from the 
opposite side, in the hopes that the two cuts would meet seamlessly in the middle. Cutting 
theory and cutting reality usually did not coincide, and in these instances, I used 
sandpaper to get an even surface. 
 The Diamond Wheels used for XRF sample preparation in 2012 each lasted about 
a week, on average, depending on the nature of the ceramic fabric cut. With 
approximately 15–20 cuts made every afternoon, the lifetime of each Diamond Wheel in 
the field averages between 90 and 120 cuts. By July 2012, when Roosevelt and Luke 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
19 When the Dremel was first plugged into a Turkish outlet (through use of a converter), its variable speed 
function failed to work (even though pre-season tests in the United States demonstrated otherwise). Further 
tests with the converter in place also proved unsuccessful. Someone who shall remain nameless removed 
the converter, plugged the Dremel 3000 into an outlet using only an adapter, and thereby proceeded to blow 
the instrument’s motor, rendering the Dremel useless. 
     Early July 2012 brought a return of the Dremel 3000, but with some modification. The Dremel was now 
outfitted with a Turkish plug, but retained its 110 volt input requirement; this required the use of a 220 to 
110 volt converter for it to operate. Also, the Dremel operated in only the on or off position (i.e., high speed 
or no speed); the “switch” boiled down to simply plugging it in. 
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approached the question of exporting analytical samples of some of the 2012 artifacts 
(acquired post-18 June 2012)20 to Boston for both XRF and petrographic analyses, the 
three Diamond Wheels brought over from the US had dulled, and duplicate replacements 
were unable to be found in both Salihli and Izmir. In anticipation of export approval and 
a round of last-minute cutting, Luke purchased as a substitute a Dremel SpeedClic 
Cutting Set,21 which consists of ten 38mm cut-off wheels, intended to cut through metals 
and PVC. When governmental approval was finally given, these wheels were sufficient to 
suit the project’s immediate needs, though assuredly were not to the quality of the 
Diamond Wheel as each substitution quickly (ca. 1 day) eroded to a nub with the 
consistent cutting. Another problem noticed was that labels were placed on one side of 
the new blades, and these rubbed off on the ceramics as they were being cut; this is 
potential cause for contamination, yet can be redressed, I feel, in the lab. 
 Sample preparation in 2013 amounted merely to a smoothing of the surfaces that 
were created with the Dremel SpeedClic cut-off wheels in 2012. This was achieved 
through use of a Dremel 8100 Cordless 8VMAX Variable-Speed Rotary Tool22 outfitted 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 This date, as has already been noted, is when my work on XRF data collection came to an end (for the 
2012 field season) and the XRF analyzer and its components returned to the Archaeological Exploration of 
Sardis. 
21 The Dremel SpeedClic Cutting Set is akin to the EZ456 EZ Lock 1-1/2” Cut-Off Wheels (5-pack) sold in 
the United States, and would be utilized with the modified Dremel 3000 returned to the project in early July 
2012. Comparative tests between the Tommy-gun-like Einhell Bavaria BSM 650 E and the modified 
Dremel 3000 using the SpeedClic cut-off wheels have made evident that, due to its extreme light weight 
and ease of handling, the Dremel was the preferred instrument of choice. 
22 The Dremel 8100 is in essence the cordless version of the Dremel 3000 that was used in 2012. 
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with a Diamond Wheel accessory bit, though, if a sample’s thickness exceeded the ca. 
0.85”-radius of the Diamond Wheel, a wet saw was used in the leveling.23 
 
7. METHODOLOGY: INITIAL SETUP OF THE XRF STATION 
In the following section, I outline the steps I take to set up the XRF station for its 
initial use. (The present tense is used to serve as a guide for future XRF specialists to 
follow.) 
1. Select a location in which to set up the XRF station, making sure that the path of x-rays 
will be directed away from other researchers. 
2. Unfold the desktop stand and place it in the desired location. 
3. Remove the battery pack from the analyzer (if installed), and then place the analyzer 
on the desktop stand. 
4. Remove the PDA from the analyzer using the appropriate key. 
5. Remove the brass knurled screw on the analyzer (located near its window) and insert 
the green filter (0.006” Cu, 0.001” Ti, 0.012” Al). Replace the brass knurled screw. 
6. Connect a laptop computer to the analyzer by using a serial cable with USB adapter. 
(Note: the driver for the serial cable must be installed before the adapter is connected 
to the computer.) The USB end of the serial cable/USB adapter combo plugs into a 
USB port of the computer; the opposite end of the serial connector plugs into the 
Communications Port on the analyzer. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
23 Due to sample thickness, Harris Greenberg undertook for me the smoothing of seven (7) surfaces with a 
wet saw: S12.89:7; S12.333:10; S12.334:6; S12.334:18; S12.353:4; S12.354:1; and S12.717:1. XRF data 
on these samples was collected both pre- and post-sawing. 
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7. Plug the A/C adapter (input to adapter: 100-240 V, 50-60 Hz; output to analyzer: DC 
15 V, 3 A) into the Power Connector located in the handle of the analyzer. Then use 
the associated power cord to connect the adapter to an outlet. 
8. Remove the window protector from the analyzer and replace with the small sample 
table. Place the sample shield in its allocated position atop the sample table. 
9. Insert the power key and turn the analyzer on. (Note: the yellow lamp below the 
Communications Port should light up.) Allow the analyzer to warm up for at least 1 
minute before opening any XRF software programs. 
 
 The parameters for XRF analysis are now ready to be established. Knowledge of 
three software programs is required to conduct XRF investigations with the Bruker 
Handheld XRF device (Tracer III-V+ model) from initial setup to data (spectrum) 
analysis: X-Ray Ops; S1PXRF; and ARTAX.24 X-Ray Ops is the control program that 
allows users to control the current and voltage of the x-ray tube, and is used when you 
want to establish your parameters for the first time. S1PXRF is the spectral display 
program that provides live spectral data for observation during data acquisition as well as 
peak identification and quantification, and is used both to double-check parameters and to 
run the analyzer. ARTAX should be used to analyze the datasets obtained from S1PXRF, 
as well as to convert them to Excel format.25 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
24 XRF software versions utilized during the 2012 field season are as follows: X-Ray Ops version 1.2.15; 
S1PXRF S1 Mode version 3.8.30; and ARTAX version 7.2.1.1. XRF software versions utilized in 2013 are 
as follows: X-Ray Ops version 1.2.21; S1PXRF S1 Mode version 3.8.30 (the same as in 2012); and 
ARTAX version 7.2.1.1 (the same as in 2012). All programs were run on Windows. 
25 Peter Cobb has used JMP software to plot the project’s INAA data in PCA space, and thus to determine 
the primary chemical groupings for CLAS ceramics (Luke et al. forthcoming). The same JMP software 
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7.1. Software: X-Ray Ops26 
In the following section, I outline the steps I took to initially establish the 
parameters for XRF analysis using X-Ray Ops. (Again, the present tense is used to serve 
as a guide for future XRF specialists to follow.) 
1. Start the program “X-Ray Ops” by entering the Start Menu (of Windows) and 
proceeding down the following path: All Programs > Bruker AXS HH Programs > 
XRayOps. 
2. Determine the Comm Port into which the XRF analyzer is connected, and enter that 
Comm Port number into the “Comm Port #” box. 
3. Check/select the “High Speed Comms” button. 
4. Check/select the “Open XRay Comm Port” button. The program will then read and list 
the instrument’s preset settings. (Note: these settings differ with every individual 
analyzer.) If communication fails, verify the Comm Port number. 
5. To create the custom setting of a 40 kV voltage and a 19 µA current, go to line 7 of the 
Ops window and replace the “High Voltage ADC Presets” and “Anode Current ADC 
Presets” fields with 40 kV and 19 µA, respectively. Make sure that the radial buttons 
associated with these fields are checked/selected. (The “Anode Current Scaler” button 
should not be checked, as the desired current is not below 5 µA.) 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
could be utilized to project the XRF data into PCA space in order to see if a similar conclusion can be 
ascertained. JMP requires the input data be in an Excel format, and thus ARTAX should merely be 
employed as a means to get the XRF data into an Excel format. 
26 This section is based in part on X-Ray Ops User Guide, pp. 3-7. 
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To optimize the customized setting established in step 5, proceed as follows. (Note: 
“Pulse Period” should remain set at 254, and “Auto Mode” should always be checked.) 
6. Set the “High Voltage Settings” field in line 7 to a value 5-10 volts less than the 
“Actual HVG DAC”; a good starting point is 130, but the value must be less than 
210.27 
7. Set the “Filament Current Settings” field in line 7 to the value in the “Actual FG DAC” 
field, a value that should be greater than 170. If no “Actual FG DAC” value exists, a 
good starting point would be 180; to achieve the optimum anode current, increase this 
value only up to 250 in increments of 5.28 
8. Click the “Update Settings” button to initialize the changes made to line 7. Wait for the 
Ops window to blink; this signifies that the changes have been initialized. 
9. Click “Monitor Actuals” to view continuous tube feedback. 
10. Activate “PC Trigger” to start the x-rays. 
11. Monitor the actual readings in the column to the far right. Optimal high voltage, 
filament current, and pulse length are achieved when, within 30 seconds of the trigger 
pull, the actual voltage and current are obtained and remain stable to within ±0.5 kV 
and 1.0 µA for 2 minutes.  
12. Uncheck “PC Trigger.” 
13. Click “Monitor Actuals” to stop the monitoring process. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
27 The value for “Actual HVG DAC” should be less than 210 or instability can result. 
28 The value for “Actual FG DAC” should be less than 250 or instability can result. 
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14. If the “High Voltage ADC Presets” and “Anode Current ADC Presets” were not 
within five to ten units of the “Actual HV” and “Anode Current” readings, repeat 
steps 6-13, adjusting the settings as required until the actuals are within specification. 
15. Replace the preliminary numbers for the high voltage, filament current, and pulse 
length entered in steps 6-7 with the actual numbers obtained in step 11. 
16. Click “Update Settings.” 
17. Click “Re-Read Settings” to ensure that the settings have been updated.29 
18. Click “Save Settings” to save file. 
 
With the customized parameters now in place, XRF data collection can begin. 
 
8. METHODOLOGY: DAILY PROCEDURE FOR XRF DATA COLLECTION 
Early in the two-week period that I handled the Bruker Handheld XRF instrument 
in 2012, I developed a daily routine that would allow me to efficiently “shoot” as many 
artifacts as possible. Though this practice did not apply to readings taken in 2010 and 
2013 due to the regulated temperatures of Boston University project spaces, the 
unregulated temperatures of the CLAS laboratory space in Tekelioğlu, Turkey, was of 
concern as it directly affected the ambient temperature of the XRF analyzer.  
In 2012, it was noticed that the Bruker Handheld XRF device had a tendency to 
overheat rather quickly in the afternoon. When initially turned on in the morning, the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
29 Use the X-Ray Ops protocol outlined above to set lines 1-6, as line 7 is used to display the active tube 
settings only. If the tube settings are not stored on the instrument’s control board, it may be difficult to 
remember what the tube settings are as the seventh setting always gets overwritten after the instrument 
power is turned off. 
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analyzer’s internal temperature (labeled “Amb” in the S1PXRF program) registered 
around 87°F on cool mornings and about 90°F on warmer mornings. Usually, I could 
work straight through until the 9.30 am chai break before the device started to “overheat” 
(101–102°F+). A half hour break was usually enough time to allow the device to cool 
down in preparation for its late morning operation. To aid in the temperature regulation, I 
faced two fans on the XRF device. This seemed to work, but only for morning operation 
of the machine. 
Afternoons were another story altogether, as the lab itself got relatively hot and 
stuffy. I could usually “shoot” sherds from 13.30 pm (when lunch ended) to 15.00 pm. 
After 15.00 pm, however, I found that the instrument could not recover from a high 
internal temperature (101–102°F+), no matter the time given it to rest or the number of 
fans utilized. 
To what end this increase of temperature had on the XRF readings is an avenue of 
research yet to be explored. 
The 2012 timetable is outlined as follows: 
6.00-6.30 am: Setup of XRF station, and taking of background and reference standard 
readings (AM) 
6.30-9.30 am: XRF data collection 
9.30-10.00 am: Analyzer is allowed to cool down in coincidence with chai break 
10.00 am-12.30 pm: XRF data collection 
12.30-13.30 pm: Analyzer is allowed to cool down in coincidence with lunch break 
13.30-14:30 pm: XRF data collection 
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14.30-15.00 pm: Taking of background and reference standard readings (PM), and 
breakdown of XRF station 
15.00-17.00 pm: Preparation of samples for the next day’s XRF data collection 
 
8.1. Daily Setup of the XRF Station 
 The practice that I developed in my daily setup of the XRF station is a pared-
down version of the procedure utilized during initial setup (see “Methodology: Initial 
Setup of the XRF Station” above), as some components of the XRF station (e.g., desktop 
stand and AC power supply) were left in place throughout the entirety of XRF data 
collection, while other components (e.g., XRF analyzer and laptop computer) were 
stowed overnight in their protective Pelican case (see “Daily Station Breakdown” below). 
1. Place the analyzer on the desktop stand. 
2. Connect a laptop computer to the analyzer by using a serial cable with USB adapter. 
(Note: the driver for the serial cable must be installed before the adapter is connected 
to the computer.) The USB end of the serial cable/USB adapter combo plugs into a 
USB port of the computer; the opposite end of the serial connector plugs into the 
Communications Port on the analyzer. 
3. Plug the A/C adapter (input to adapter: 100-240 V, 50-60 Hz; output to analyzer: DC 
15 V, 3 A) into the Power Connector located in the handle of the analyzer. Then use 
the associated power cord to connect the adapter to an outlet. 
4. Remove the window protector from the analyzer and replace with the small sample 
table. Place the sample shield in its allocated position atop the sample table. 
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5. Insert the power key and turn the analyzer on. (Note: the yellow lamp below the 
Communications Port should light up.) Allow the analyzer to warm up for at least 1 
minute before opening any XRF software programs. 
 
8.2. Daily Setup of the S1PXRF Software30 
 Once the XRF station has been set up, steps need to be taken within the S1PXRF 
program itself to prepare it for data collection: 
1. Double-click the S1PXRF icon on the computer desktop. 
2. In the File tab, select “PDZ Preview,” and open a previously stored file (in .pdz 
format) so the spectrum is visible onscreen. 
3. In the Download tab, make certain that the Baud Rate is set to 115200 (i.e., Download 
> Baud Rate > 115200). Also ensure that the Port Number is set to the port you are 
using (i.e., Download > Port > [Comm Port number]).31 If the displayed Port Number 
is incorrect, click COM to open the box, and type in the correct port number. 
4. Ensure that the circle in the top left of the computer screen is green; if it is red, click 
the circle to turn it green. This activates the communication between the instrument 
and the computer. 
5. In the Setup tab, select “Instrument Setup.” Ensure that the “PC Trigger” checkbox is 
checked. Ensure that the “Backscatter” checkbox is unchecked. (Note: these settings 
allow the computer to turn X-rays on in order to take data and to turn them off when 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
30 This section is largely based on QuickStart Guide, Tracer Series.pdf, p. 2. 
31 To determine the port number the computer has assigned to the USB adapter, open the Windows control 
panel and then open Devices and Printers. 
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collection is complete. There is no longer the need to pull the trigger each time you 
want to collect data.) 
6. In the Tube tab, select “KTI Tube.” Click “Read.” Observe the “Actual High Voltage” 
and “Actual Anode Current” fields to ensure they go to the selected settings (i.e., 40 
kV and 19 µA, respectively). (Note: the red light on the analyzer should light up 
during this process, indicating that X-rays are being generated.) 
 
8.3. Background and Reference Standard Readings 
 In 2012, in an effort to compensate for both the effects of background radiation in 
distorting artifact spectra and the potential for skewed data due to an uncalibrated 
analyzer, I took daily readings of the background, specific reference standards that came 
with the Tracer, and certain of the CLAS ceramic standards brought over from Boston 
University. I took these measurements twice a day: once in the morning (ca. 6.15 am) and 
once in the afternoon (ca. 14.30 pm).32 Although I had initially planned to take daily 
readings of all the CLAS ceramic standards transported from Boston, I early on felt this 
would be overkill, and eventually focused on just one sherd due to the homogeneity of its 
fabric: S06.15:8. 
 The background and reference standards were “shot” only once (as opposed to 
four times in various locations) in a given session, but with the standard 40 kV, 19 µA, 
200 second assay. The reference standard readings collected in 2012 were subsequently 
employed in the 2013 assay experiment, which will be described below. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
32 The time of the afternoon readings often coincided with the analyzer’s internal temperature getting too 
hot (101-102°F+). 
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8.4. XRF Data Collection 
 Each ceramic marked for XRF was “shot” in at least four different locations down 
the length of its smooth, clean surface; each 2012 obsidian artifact was “shot” at least 
twice on its dorsal surface and at least twice on its ventral surface. All assays were timed 
for 200 seconds using a voltage of 40 kV and a current set at 19 µA. The reasoning 
behind the establishment of these parameters as such was to maintain experimental 
consistency with the original 2010 datasets. 
 When naming the resultant spectra, I opted to follow the following formula in 
2012 and 2013: 
S12-xx-yy-zz[_optional description].pdz 
where “S” signifies “survey unit,” “12” refers to the year of survey (i.e., 2012), “xx” 
represents the sequence number, “yy” represents the find number, and “zz” represents the 
shot letter (i.e., “a,” “b,” “c,” “d,” etc.);33 “.pdz” is a filename extension identifying the 
file as being in a Bruker-specific data format. The file name “S12-2-1-c.pdz” would thus 
refer to the third of four XRF spectra taken of the artifact designated S12.2:1. 
The optional description addendum applies primarily, but is not limited, to the 
obsidian artifacts and slips/glazes for which XRF data was collected in 2012. Information 
that I have collected into this description with regard to obsidian primarily details the 
surface shot (dorsal or ventral) and the shot number of that surface; for instance, “S12-
107-2-d_ventral2.pdz” refers to the fourth of four XRF spectra (and the second “shot” to 
be conducted on the ventral surface) taken of the artifact designated S12.107:2. Other 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
33 Shot letter “a” would refer to the first XRF spectrum taken, “b” would refer to the second XRF spectrum 
taken, and so on. 
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descriptive information may identify “shots” to the bulb of percussion, cortex, and cross-
section. 
With regard to “shots” of the glazes and slips, information that was collected into 
the optional description addendum include location of glaze/slip (interior or exterior, base 
or body) on the artifact, color of glaze/slip, and whether or not the green filter (0.006” 
Cu, 0.001” Ti, 0.012” Al) was applied; more often than not, the filter was removed for 
the XRF analysis of glazes and slips. As an example, “S12-93-29-
a_interiorglaze_dkblue_nofilter.pdz” refers to the first of four XRF spectra taken of the 
artifact designated S12.93:29, specifically that of the dark blue glaze located on the 
interior of the artifact; the spectrum was taken without a filter in place. 
Other information that I have consigned to the optional description addendum 
include cut enhancement through sandpapering, and, in one ceramic instance, the 
presence of screw friction residue. 
 
8.5. Converting .PDZ Files into .TXT Files 
 To allow the spectra amassed from S1PXRF to be of use to the analyst, they need 
to be converted into .txt files. To do this, proceed as follows: 
1. Make sure that the S1PXRF program is open. 
2. In the Setup tab, select “Group Conversion,” then “PDZ Name,” and finally select any 
file in the folder to be converted. Check the box labeled “Output TXT (Artax).” Click 
“Execute PDZ.” This will convert all files in the selected folder. When the 
“Conversion finished” message pops up, click “OK,” and then “Done.” 
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3. Repeat this process with all folders that have .pdz files that you want converted to .txt 
files. 
4. Close the S1PXRF program. 
 
The .txt files will become important when you begin data analysis using the Artax 
software. 
 
8.6. Daily Station Breakdown 
 In an effort to keep the borrowed XRF analyzer safe from damage and in as 
pristine a condition as possible, I made it daily practice to break down the most important 
components of the XRF station. The method is outlined as follows: 
1. Turn the analyzer off and remove the power key. 
2. Remove the sample shield and sample table from the analyzer. Place the window 
protector in its allocated position atop the analyzer. 
3. Unplug the A/C adapter from the power outlet, then unplug the adapter from the Power 
Connector located in the handle of the analyzer. 
4. Disconnect the serial cable with USB adapter from both the computer and the analyzer. 
5. Place the analyzer and the computer into the Pelican case from which they came. 
 
9. XRF DATA ANALYSIS USING ARTAX 
 Because the S1PXRF program is really only meant to collect data (rather than 
analyze it), the Bruker Corporation adapted the software behind their ARTAX 
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spectrometer to suit the analytical needs of their Handheld XRF device. For the purpose 
of my ceramic study, I merely used ARTAX to create Excel files laden with XRF data. 
To do this:34 
1. Open ARTAX. 
2. When the program prompts for a password, simply click “Ok.” (Note: there is no 
password, and the user is “Administrator.”) Dismiss the “Error communication 
(DSP)” pop-up by clicking “OK.” Dismiss the “ICImagingControl.ocx not found!” 
pop-up by clicking “OK.” 
3. In the Project tab, select “New Project.” 
4. Right click the “Objects” folder on the left side of the screen, and select “Add Node.” 
Name this new node “Points”35 and click “OK.” (Note: this new node folder should 
appear within the Objects folder.) 
5. Highlight the “Points” folder. 
6. In the File tab, select “Open Spectrum.” Migrate to the folder that contains all spectra 
(in .txt format) that you want represented in the node, select these spectra, and click 
“Open.” 
7. Highlight the “Points” folder once again. 
8. In the Project tab, select “Add Spectra.” This causes the spectra to appear within the 
node folder. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
34 The following synthesizes Area analysis by Artax 7.pdf and Caitlin O’Grady’s Artax_instructions.doc 
(2010). 
35 It is imperative that the folder be named “Points.” Otherwise, the results will not transfer to Excel. 
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9. In the File tab, click “Save Project As …,” enter in an appropriate file name, ensure 
that the project will be saved in .rtx format, and then click “Save.” 
 
To identify elements and evaluate the results, proceed as follows: 
10. Customize your evaluation method by going to the Measurement tab and selecting  
“Method …,” which opens up the Method Editor window. 
11. Input a name for the new method, and select “Add.” In the Identification tab below, 
select the elements of interest. (Note: for the CLAS method, I selected Al, As, Ba, Ca, 
Ce, Co, Cr, Cs, Cu, Dy, Eu, Fe, Hf, K, La, Lu, Mn, Na, Nb, Nd, Ni, Pb, Pd, Rb, Rh, 
Sb, Sc, Sm, Sn, Sr, Ta, Tb, Th, Ti, U, V, Y, Yb, Zn, and Zr.)36 
12. Click “OK” when done. 
13. Click the “Evaluation (deconvolution and calculation of concentration)” button 
(a.k.a., the button designated by a red peak and a green peak) located on the right of 
the toolbar to display the elements according to your customized evaluation method. 
14. Yet again, highlight the Points folder. 
15. In the Analyze tab, click “Evaluate Results.” 
 
To export the results to Excel: 
16. In Export tab, select “Results to Excel.”37 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
36 The elements K, Ca, Ti, Mn, Fe, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Rh, Pd, Sn, and Pb were used because 
those are what Bruce Kaiser selected back in 2010. All others were chosen on the basis that Peter Cobb 
used them in his projection of INAA data into PCA space. 
37 Excel must be installed on the Windows side, if using a Mac running Parallels. 
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17. Re-save the project file; use the same name as before and save over the old version of 
the .rtx file. 
 
 In order for the XRF data to be assimilated into the CLAS database (by artifact), 
additional information must be added to the rendered spreadsheet (see Tables A.1-A.3). 
In addition to columns detailing raw elemental counts, columns listing SU Year, SU 
Sequence Number, Find Number, Shot Number, Artifact Type, Voltage Used during 
XRF, Current Used during XRF, and XRF Assay Time have been added. 
 
10. ASSAY EXPERIMENT (2013) 
 One component of my 2013 research sought to evaluate the acquired 2010–2013 
XRF data for an analytical study in archaeological pragmatism and economy of time. For 
although the acquisition of data from four different points on a sherd is sound procedure 
from a scientific perspective, it is uneconomical in terms of time from the perspective of 
an archaeologist collecting data in the field, with an approximate total of 15 minutes 
necessary for the XRF analysis of a single sherd. In an effort to find the right balance 
between accurately determining a sherd’s chemical composition and spending as minimal 
a time as possible on data collection, I investigated the number of effective assays needed 
to determine the chemical composition of a given sherd accurately, i.e., whether four 
assays are truly needed, and whether protocols should be catered to specific ware types 
(e.g., fine versus coarse). 
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10.1. Sherd Selection 
 In compiling a suitable dataset for the assay experiment, two factors were prime 
on my mind: data collection recurrence and ceramic fabric. XRF data must have been 
collected on the sherds in each of the three years that I have undertaken XRF analysis for 
CLAS: 2010, 2012, and 2013. This consideration alone whittled the field of 358 ceramic 
sherds for which XRF data was collected down to the five sherds used as ceramic 
reference standards in 2012. In fulfillment of my second criterion, a range of ware types 
needed to be represented: fine, medium, and coarse. As a result, the three sherds selected 
for candidacy in the assay study were: S06.15:8 (fine); S06.324:54 (medium); and 
S05.343:14 (coarse). 
 
10.2. Element Selection 
 For this study, I deemed it unfeasible to examine the relative quantities of all 40 
elements generated by ARTAX (see step 11 of the section “XRF Data Analysis Using 
ARTAX” above), and so pared down to five the number of elements on which to focus: 
Mn, Rb, Sr, Y, and Zr. These elements each satisfy at least two of three criteria initially 
taken into consideration in developing the list of 40 elements used to determine ceramic 
groupings. Strontium (Sr; Z=38) was selected because it is situated in the range of 
efficient XRF excitation (i.e., Z=26 to Z=42), was suggested as an element of interest by 
Bruce Kaiser in 2010, and has a percent constituency of greater than 40% for at least one 
principle component used in the chemical grouping of CLAS ceramics as determined by 
INAA (see Table A.4). Zirconium (Zr; Z=40) is situated in the range of efficient XRF 
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excitation, was suggested as an element of interest by Bruce Kaiser in 2010, and has a 
percent constituency of greater than 30% for at least one principle component used in the 
chemical grouping of CLAS ceramics as determined by INAA. Manganese (Mn; Z=25) is 
very near the threshold of efficient XRF excitation, was suggested as an element of 
interest by Bruce Kaiser in 2010, and has a percent constituency of greater than 40% for 
at least one principle component used in the chemical grouping of CLAS ceramics as 
determined by INAA. Lastly, both rubidium (Rb; Z=37) and yttrium (Y; Z=39) are 
situated in the range of efficient XRF excitation and were suggested as elements of 
interest by Bruce Kaiser in 2010. 
 
10.3. Calculations: Average and Percent Relative Error 
 For each of the five elements of the sherds selected for the assay experiment, a 
series of tables has been developed based on the XRF data collected from 2010 to 2013 
(see Tables A.6.1-A.6.3). Quantities highlighted in green indicate the average of the four 
amounts of relative elemental concentration collected on a particular sherd in a given 
year,38 and are used as the “true representative value” of this relative elemental 
concentration in the given year. Progressing from left to right, each table then displays 
the average value (and quantities involved in the calculation) for every iteration of a 
three-shot, two-shot, and one-shot scenario. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
38 For years in which more than four shots were taken on a given sherd (e.g., S06.15:8 in 2012), I limited 
my study to only four shots on account of time constraints. The data utilized for the assay experiment is 
highlighted in green text in Table A.5. Note text in red is anomalous data, which could easily have skewed 
experimental results if included. 
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 The value situated below the average of an iteration is its relative error, the 
percent deviation of the iteration average (Avgiter) from the “true representative value” of 
the four-shot average (Avg4shot): 
Percent error = [(Avgiter - Avg4shot) / Avg4shot] x 100% 
In short, this quantity indicates how precise the data of a three-shot, two-shot, or one-shot 
assay is to the “true” assessment of a four-shot assay. 
 
10.4. Results and Analysis 
 The results of the assay experiment show a higher probability of significant error 
(i.e., misleading data) the lower the number of assays conducted on a given sherd. Using 
the fine ware S06.15:8 as an initial example, with three shots, relative Rb concentrations 
range in error from 0.63–3.26% in 2010, 0.00–0.95% in 2012, and 0.04–1.44% in 2013; 
all values fall significantly short of the accepted “normal” error limit of 10–15% 
(Andersen et al. forthcoming). With two shots, Rb concentrations range in error from 
2.91–3.95% in 2010, 0.13–1.42% in 2012, and 0.05–2.21% in 2013; though these values 
are still significantly short of the 10–15% error limit, they are higher than those acquired 
with three shots. With one shot, Rb concentrations range in error from 1.88–3.95% in 
2010, 0.00–2.85% in 2012, and 0.11–4.31% in 2013; again, these values are below the 
accepted error limit, yet exceed those produced with two or three shots. 
 Rubidium error ranges for medium and coarse wares are, as expected, higher in 
the great majority of shot iterations due to the greater abundance of temper. To use the 
coarse ware S05.343:14 as an example of this concept, with three shots, relative Rb 
	   34 
concentrations range in error from 0.62–4.18% in 2010, 2.59–4.91% in 2012, and 0.54–
6.88% in 2013. With two shots, Rb concentrations range in error from 3.39–5.34% in 
2010, 0.89–11.24% in 2012, and 3.87–9.52% in 2013. With one shot, Rb concentrations 
range in error from 1.85–12.53% in 2010, 7.74–14.73% in 2012, and 1.61–20.64% in 
2013. It should be noted here that the 2013 error range exceeded the accepted error limit 
of 10–15%. 
 Rubidium serves well to illustrate the concept that error probability decreases 
with both increasing numbers of assays and increasing ceramic homogeneity. It should be 
noted, though, that rubidium concentrations were the most precise of all elemental 
concentrations selected for inclusion in the assay experiment; manganese values were the 
least precise. Returning to fine ware sherd S06.15:8, with three shots, relative Mn 
concentrations range in error from 1.36–32.73% in 2010, 1.77–10.91% in 2012, and 
4.04–6.23% in 2013. With two shots, Mn concentrations range in error from 9.50–
51.13% in 2010, 5.75–13.72% in 2012, and 0.33–15.41% in 2013. With one shot, Mn 
concentrations range in error from 4.07–98.19% in 2010, 5.31–21.24% in 2012, and 
12.13–18.69% in 2013; note that these ranges contain upper values that well exceed the 
accepted error limit. 
 This imprecision does not result, as might initially be suspected, from 
manganese’s atomic number (Z=25) being outside the range of efficient XRF excitation 
(Z=26 to Z=42), but rather from low concentration numbers (< 100 ppm39) of the element 
having amassed. A cursory analysis of Ti (Z=22), Cr (Z=24), Cu, (Z=29) and Rh (Z=45) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
39 “Parts per million” is abbreviated ppm. 
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for the sherd S06.15:8 has borne out the theory (see Table A.7). Like manganese, 
titanium and chromium are both below the threshold of XRF excitation, yet significantly 
differ with regard to elemental concentration amounts. Titanium totals well exceed 100 
ppm, and result in relative error values below 10-15%. Chromium totals, on the other 
hand, fall far short of 100 ppm, and thus occasion exceedingly high error ranges on a par 
with manganese. Copper, located within the range of efficient XRF excitation, was also 
determined to be of low concentration, and produced overly high error ranges as well. 
Rhodium concentration levels were used to confirm the premise, as K1240 values were 
high, resulting in acceptable errors, and L1 values were low, resulting in inordinately 
high error ranges. Andersen et al. have likewise seen discrepancies in relative error 
between concentration values less than and greater than 100 ppm; while elemental 
concentrations above 100 ppm ranged in error from 10-15%, a 20% error was produced 
for concentrations in the range of 25-100 ppm (Andersen et al. forthcoming). 
 Coarse ware S05.343:14 produced the following results with regard to error 
ranges for manganese. With three shots, relative Mn concentrations range in error from 
5.25–38.72% in 2010, 1.96–23.53% in 2012, and 2.68–21.46% in 2013. With two shots, 
Mn concentrations range in error from 8.94–65.96% in 2010, 11.76–38.24% in 2012, and 
8.05–28.16% in 2013. With one shot, Mn concentrations range in error from 15.74–
116.17% in 2010, 5.88–70.59% in 2012, and 8.05–64.37% in 2013; note that these ranges 
contain upper values that considerably exceed the accepted error limit. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
40 The K12 value refers to x-ray counts generated by electrons dropping from the L-shell into vacancies in 
the K-shell. The L1 value refers to x-ray counts generated by electrons dropping from the M-shell into 
vacancies in the L-shell. 
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 Error analysis for manganese confirms again that error probability decreases with 
both increasing numbers of assays and increasing ceramic homogeneity, but warns that 
significant error arises for certain elements by not including particular shots in the 
analysis. 
 
10.5. Exterior vs. Interior Experiment 
 Percent error calculations were also applied to a series of exterior shots taken in 
2013 on the very same sherds used for the assay experiment described above. This served 
as a preliminary investigation into the precision achieved through shooting uncut sherd 
exteriors in comparison with the routine method of shooting cut sherd interiors; in other 
words, this pilot experiment would test whether the results of the non-destructive analysis 
of sherds were analogous to those ascertained through destructive analysis. For each 
element of each “assay” sherd, the exterior data is positioned below the 2013 interior data 
used in the assay experiment (see Tables A.6.1-A.6.3). 
 Two shots of each exterior were taken, and their average highlighted in blue (see 
Tables A.6.1-A.6.3). As in the assay experiment, relative error was calculated on each 
individual shot of the exterior (relative to the exterior average). Of more importance, 
however, is the relative error of the exterior average in relation to the 2013 interior 
average (i.e., “true representative value”). These values are highlighted in purple (see 
Tables A.6.1-A.6.3). 
 Exterior elemental concentrations for fine ware S06.15:8 range in error from 
1.26% (Y) to 12.90% (Rb), with 31.15% (Mn) as an outlying value. For medium ware 
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S06.324.54, the error ranges from 0.89% (Y) to 4.75% (Zr), with 15.58% (Mn) as an 
outlying value. As in the earlier assay experiment, manganese seems to be the element 
most susceptible to error. 
 The coarse ware sherd designated S05.343:14, however, seems to turn the whole 
notion of accurate non-destructive readings on its head. For this artifact, exterior 
elemental concentrations range in error from 11.46% (Y) to 25.10% (Rb), with 2.30% 
(Mn) as an outlying value. As such, it would seem that this preliminary investigation is 
inconclusive, and that more tests need to be conducted using a larger dataset. 
 
11. CONCLUSIONS 
 By early December 2013, the XRF analysis of 358 pottery sherds gathered by the 
Central Lydia Archaeological Survey over the course of eight years (2005–2012) was 
completed, thus providing a sound dataset on the chemical composition of a temporal and 
typological variety of ceramics, from which comparisons can be made. The data has been 
collected in a number of different formats, the most versatile of which is the Excel Binary 
File format (.xls).41 
 The utility of this project lies not in the simple acquisition of chemical data, but in 
the information gleaned when XRF signatures are linked to the results of traditional 
typological study. On the basis of surface decoration and fabric, one can summarily 
classify the 358 ceramic fragments into rough ware groups with temporal significance, as 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
41 The statistical software program JMP, which utilizes data in Excel Binary File format, was specifically 
designed to aid users in the visualization of data, and thus should be employed by the project for the 
discernment of sherd clusters. 
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these artifacts were amassed through archaeological survey and not excavation. The 
application of chemical analysis via XRF can draw out sherd clusters within each 
category, thus providing insight into the movement of goods around or into the region of 
central Lydia during any period of interest. The raw data produced by my study 
consequently provides the foundations from which further investigations into the 
economic history of the area can be undertaken. 
 Inquiries into practical and efficient field methodology with regard to XRF data 
collection were also undertaken. In an effort to enhance data collection practice in the 
field, I tested how the results of four shots along a smooth, clean, cut surface of a sherd 
compared to those effected by three shots, two shots, and one shot along that same 
surface. As expected, the probability of significant error increased as the number of 
undertaken assays decreased. In addition, the more heterogeneous the fabric (e.g., the 
more temper utilized in ceramic production), the more likely it is for significant error to 
result. A foray into evaluating shots taken on weathered exterior surfaces (as opposed to 
shots taken on smooth, clean, cut surfaces) proved inconclusive. 
 Although preventative measures were taken to keep the 2010–2013 XRF dataset 
from becoming skewed, corrupt data from contamination is still of great concern, as was 
the case for INAA analysis of CLAS ceramics conducted in 2008 (Boulanger and 
Glascock 2008). Potential sources of contamination comprise the wet saw, sandpaper, 
Diamond Wheels, and labeled Dremel SpeedClic cut-off wheels used to cut and smooth 
the surfaces shot over the four-year period that XRF data was compiled. Another likely 
corruptive source was screw friction from the mandrel that attaches the Diamond Wheel 
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to the Dremel tool itself. Future experiments should be undertaken that focus on the 
actual error incurred by these sources. Additionally, other tests should be conducted that 
test the effects of temperature variability on XRF data collection (e.g., data collection 
when the analyzer’s internal temperature is at 87°F versus when it is at 102°F), and 
explore various voltage and current settings for optimum ceramic analysis. While this 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































excitation Kaiser 2010 PCA >±0.3 PCA >±0.4
Al 13
As 33 X
Ba 56 X X
Ca 20 X X X
Ce 58
Co 27 X X
Cr 24 X
Cs 55 X X
Cu 29 X X
Dy 66
Eu 63
Fe 26 X X
Hf 72 X X
K 19 X X X
La 57
Lu 71 X X
Mn 25 X X X
Na 11 X X
Nb 41 X X
Nd 60
Ni 28 X X
Pb 82 X
Pd 46 X
Rb 37 X X
Rh 45 X




Sr 38 X X X X
Ta 73 X X
Tb 65
Th 90
Ti 22 X X X
U 92 X X
V 23 X
Y 39 X X
Yb 70 X X
Zn 30 X X
Zr 40 X X X
Table A.4.1. Criteria for 2013 assay experiment element selection





excitation Kaiser 2010 PCA >±0.3 PCA >±0.4
Na 11 X X
Al 13
K 19 X X X
Ca 20 X X X
Sc 21
Ti 22 X X X
V 23 X
Cr 24 X
Mn 25 X X X
Fe 26 X X
Co 27 X X
Ni 28 X X
Cu 29 X X
Zn 30 X X
As 33 X
Rb 37 X X
Sr 38 X X X X
Y 39 X X
Zr 40 X X X




Sb 51 X X
Cs 55 X X








Yb 70 X X
Lu 71 X X
Hf 72 X X
Ta 73 X X
Pb 82 X
Th 90
U 92 X X
Table A.4.2. Criteria for 2013 assay experiment element selection
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